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Abstract - Performance of the concatenated inner trellis 
coded modulation (TCM) and outer Reed Solomon 
(RS) code with orthogonal frequency division 
multiplexing is evaluated in a frequency selective 
fading channel for wireless ATM (WATM). A 512 
carrier OFDM is selected to facilitate the transmission 
of ATM cells of rate 155 Mb/s, in a fieqyency selective 
fading channel, while the high gain concatenated 
scheme is selected to get an improved error 
performance. An interleaver of depth four is introduced 
at the output of the RS outer coder to randomize the 
burst errors fiom TCM decoder, while a channel 
interleaver is also introduced to combat the correlated 
fading of the channel. The investigated concatenated 
coding scheme is capable of achieving a bit error rate of 
10" at an average EbMo of 14dB. Result is also 
compared with that of a convolutional code (CC) with 
constraint length seven using 16-QAM modulation. 
I. INTRODUCTION 
The unique capability of overcoming degradation 
effects of multi-path fading channels 111 has given 
orthogonal fxequency division multiplexing (OFDM) an 
important place in wireless communications. With the 
advances in VLSI technologies it has become very 
popular among researchers. Digital audio broadcasting 
(DAB) is considered to be the fmt commercially 
available large-scale application of OFDM [2]. Outside 
broadcast link, asynchronous digital subscriber lines, 
digital video broadcasting and wireless IAN and also 
mobile satellite channels [3] are other potential 
applications. 
The other most attractive feature of coded OFDM is the 
ability to change data rate in a relatively simple way. 
Adaptive rates can be beneficial in order to extend the 
coverage, to recover from temporary bad channel 
conditions, or to support low rates andor low transmit 
power applications. There are three ways to adapt the 
data rate: 
i). Using different modulation schemes such as 8-QAM, 
16-QAM etc., 
ii). Increasing the symbol period: This is especially 
effective in mitigating IS1 in severe multipath fading 
channels. However, it is far more complicated to 
implement than adaptive coding, especially if the 
number of sub-channels also have to be increased. 
iii). Transmit limited number of channels: This is 
especially for low rate users in order to enable multiple 
access. 
OFDM was also considered for wireless ATM by many 
researchers. Chini et al. [4] investigated a modem, 
which can transmit 155 Mws, ATM cells over an 
indoor radio channel. OFDM technique with 64 sub 
carriers, QPSK modulation and a rate !h channel code 
(block code) was used in their application. A similar 
study was done by Dardari and Tralli [5] to transmit 
variable rate ATM cells over high-speed indoor 
wireless channel (100 to 155 Mb/s). They used an 
actual propagation environment, which was 
characterized by means of a ray tracing technique for 
this investigation. The effect of antenna sectorization, 
OFDM clustering, frequency diversity and code choices 
were investigated. Concatenated code with an outer 
Reed Solomon code and inner BCH code was used to 
deal with erasures and errors. 
Magic WAND and MEDIAN are two major WATM 
projects of advanced communication technologies and 
services (ACTS). Results of these two projects will 
lead to standardization of WATM through European 
telecommunication standard institute (ETSI) and other 
staudard bodies. To fight the multipath propagation in 
a wireless indoor environment and to avoid hardware 
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consuming equalization, OFDM modulation is used for 
both these projects. The main objective of Magic 
wireless ATM network (WAND) is to realize and 
demonstrate a prototype wireless ATM network 
operating at a raw data rate of 20 Mb/s. MEDIAN will 
expand the services of the fixed B-ISDN using local 
wireless broadband transmission and data interfacing to 
the fixed ATM network for single and multiple base 
stations which are sited in a local area. The OFDM 
scheme used, allows the transmission of B-ISDN 
originated ATM cells (34 Mb/s-lSMb/s) with one 
OFDM sub-carrier group for maximum efficiency. The 
MEDIAN system envisages a transparent data flow 
from the fixed ATM network to the mobile ATM 
capable multimedia terminal. The result of MEDIAN is 
expected to be published by the end of year 1999. 
11. OFDM TRANSMISSION SCHEME 
The input serial bit stream is grouped into N groups 
having x bits in each group. Each group of data is 
mapped into a complex signal point, which will then be 
modulated to a sub-carrier. Thus, sub-carrier v of 
OFDM symbol interval ,u is modulated with the 
complex coefficient A, according to the digital 
modulation scheme used [6]. Then the subcarrier 
vector, A, for the OFDM symbol interval ,u is given by 
Ap =[Ap,o,Ap,l . . . ,Ap,~hl-l] .  The A, comprising all 
carrier amplitudes associated with OFDM symbol 
interval ,u is transformed into time domain, using a N- 
point inverse discrete Fourier transform (IDFT), which 
is given by: 
lF0,l.N-1. & v=O,l, ...a- 1 
This results in the T spaced discrete time representation 
of the transmitted signal, where T is the sampling time. 
Samples, afik are transmitted using ordinary T-spaced 
pulse amplitude modulation. A guard interval is 
usually introduced, which consists of a partial repetition 
of some afik . Finally, it is low pass filtered before 
transmission. 
111. SYSTEM MODEL 
Figure 1 shows the system block diagram. The RS 
encoder receives the unprotected ATM cells from the 
source, at the transmitter. Four ATM cells of 53 bytes 
are mapped to a single block of data for the RS coder 
input. The total length of the data word is then 212 
bytes. The output code word length is then 244 bytes 
after being coded by RS(244,212) encoder. This coded 
data is then fed to a block interleaver. The block 
interleaver used between RS coder and TCM encoder 
converts long error bursts of the Viterbi decoder output 
to short error bursts with the length of a few bytes. 
These short error bursts are then randomly distributed 
over RS-code words, which can effectively be corrected 
by the RS decoder. Then TCM encoder maps the 244 
byte of data in to two blocks of 488 complex signal 
points (8-PSK). This complex base band signal is then 
multiplexed into 512 orthogonal carriers using the lFFT 
process. For a channel with correlated fading a channel 
interleaver is introduced at the output of the EFT 
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(b) Receiver 
Figure 1 Block diagram of the proposed system 
The system performance is investigated in terms of 
average bit error rate (BER) as a function of average 
signal to noise ratio. The average BER is selected as 
there is a strong relationship between BER and ATM 
cell outage probability [4]. 
The channel is characterized by a multipath intensity 
profile. While it is possible to associate a given 
multipath intensity profile with a radio channel for a 
shorter period of time, the multipath intensity profile 
varies widely as the physical channel changes with time 
or the receiver changes its relative position to the 
transmitter 
The discrete channel impulse response of the multipath 
channel can be expressed as: 
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m=O 
Where, L is the number of paths, Z,,, is the delay 
corresponding to the m“ path, h,,, is Rayleigh distributed 
and & is uniformly distributed. Following assumptiom 
are made before taking the frequency response of the 
impulse response in order to apply it in an OFDM 
scheme. 
i. The channel is static during an OFDM symbol. 
ii. The delay between consecutive paths of the 
channel is equal to the sample duration (T)  
iii. AWGN possesses same statistical properties both 
in time domain and in frequency domain. 
Then the frequency response of the channel can be 
found as follows. 
L-1 -jz*!!!!L ,n =0, I ,  .. ., N-1 H, = h,e 
m = O  
Where N is the number of sub-carriers of the OFDM 
scheme. The average signal power and the total 
Multipath power can be normalized to one, without loss 
of generality. 
1A.l’ = 1 
(3) 
m=O 
The frequency response of the channel is thus obtained 
by taking the FFT of the fading coefficients. The 
received signal is obtained by multiplying the data 
sequence by channel frequency response and adding 
additive white Gaussian noise. Then the received 
signal corrupted by both AWGN and multipath fading 
is given by: 
R, = H , A , + Z ,  ,n=O31,...3N-l (4) 
{ 2,) are zero mean complex Gaussian independent 
random variables representing AWGN and A, is the 
modulated data symbol. This R, is the output of the 
FFT processor at the receiver. 
The channel model used for the simulation (based on 
(4) ) is shown in the Figure 2. 
In this case the noise variance depends on the Ei,iNo , 
code rate and the spectral efficiency. The noise 
variance can be expressed as: 
a,” = .-. 1 1 .log -I(- E ,  IN,) 
2n  code rate 10 
... 
Transmmed ‘*‘ 
Figure 2 Multipath channel model used for the 
simulation 
IV. RESULTS 
The interleaver between RS outer encoder and the TCM 
inner encoder has a significant effect on the o v e d  
system performance. The RS decoder is capable of 
correcting 16 erroneous bytes. If the received code 
word contains more than that, Rs decoder will pass the 
code word without correcting it. The Viterbi decoder 
for TCM gives out bursts of errors. These may not be 
correctable by the RS decoder. Therefore, the 
interleaver is needed to randomize these burst mors. It 
is observed that the performance increases with the 
increase of the depth. For the simulation the depth was 
taken as four. 
In a correlated fading a channel interleaver is to be 
used. The proposed channel interleaver is a 1024*8, 
symbol-block interleaver. The span and the depth of 
the interleaver is selected according to following rules. 
The span ofthe interiemer ) C O ~ t r C Z h t  length of the t d k  
code rate of the encoder 
Length *span of the interleaver )Average fade duration 
It is assumed that a fade occurs when the normalized 
signal power falls below -3dB. Then, the expected 
average fade duration is 82 ps for a vehicle speed of 
120 km/h , which is equal to 15 OFDM symbols. The 
code rate of the encoder is 213 and the constraint length 
of the system is four. Therefore span must be greater 
than six. 
Simulation specifications 
Bit rate 155.52 MWs 
Numberofcarrim 512 
205 1 
Delay spread of the 
channel 
Number of delayed paths 16 
of the channel 
Length of the Guard 
interval total OFDM symbol 
250 ns 
50 samples (1 0% of the 
Modulation scheme 8-PSK TCM 
TCM encoder 213 Ungerboeck-8states 
encoder 
Frequency 60 GHz 
Vehicle speed 120 I<m/h 
OFDM possesses an inherent frequency diversity 
advantage. When there are more delayed paths the 
performance is better. This was observed by 
investigating the performance of the system in different 
multipath channels as shown in figure 3. Performance 
of the RS/TCM concatenated scheme in a 16 path 
channel with uniform power delay profile is better than 
when it is in a 2 ray path channel. 
d w m 
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7 9 11 13 15 
Eb/No (dB) 
+ Exponential power delay (1 6-paths) 
--.it Uniform power delay (1 6-paths) 
--t 2-Ray channel with equal power 
-%- Power-3 decline 
Figure 3 Performance of RS/TCM concatenated 
scheme in different multipath channels 
The best performance was observed for the channel 
with uniform power-delay profile. This result is 
comparable with the result obtained by Chini [4]. But 
our system has a 3 dB gain at lo5 BER, when 
compared with the scheme proposed by the Chini. 
These results were obtained by assuming ideal channel 
interleaving. For the rest of the simulation, channel 
with uniform power delay profile is assumed. 
A comparison of the bit error rate performance of the 
RYTCM concatenated scheme with the TCM scheme 
alone in a 16-path channel with uniform power delay 
profile with correlated fading is shown in the Figure 4. 
The concatenated scheme has a higher coding gain of 7 
dB at 10' BER 
Figure 5 Performance of TCM and RSKCM in a 
multipath channel with correlated fading. 
The BER performance of the proposed scheme with a 
channel interleaver is 6 dB (at lo4 BER) better, when 
compared with the performance without interleaver as 
shown in Figure 5. But it has a 2 dB degradation at 10" 
BER when compared with the ideal interleaver case. 
Therefore, it is expected that the system performance 
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Figure 5 Performance of the channel interleaver 
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Figure 6 Comparison of BER performance of RS/TCM 
with RSKC 
Finally, the results are compared with the concatenated 
scheme of convolutional inner code and Reed Solomon 
outer code (RSICC). For the convolutional encoder a 
constraint length 7 code (number of states=64 
compared to 8 in TCM) is used with 16 QAM 
modulation in order to get an equal spectral efficiency 
with the RS/TCM scheme. It uses a soft input Viterbi 
decoding to get an improved performance. It is 
observed that the RS/CC scheme has a 1.5 dB gain at 
loe5 BER when compared with the RS/TCM (8-states) 
scheme is as shown in the Figure 6. However, it is 
observed that the RS/TCM (16-states) outperforms both 
RSKC and RS/TCM (8-states) schemes. RS/TCM (16- 
states) scheme has a 0.5 dB gain at 10” BER when 
compared with RSICC scheme. 
Above results show that the RSnCM concatenated 
scheme is capable of achieving low bit error rates 
needed by WATM with a reasonably low Eb/No, even 
in a correlated fading channel. Usage of OFDM with a 
suitable number of carriers removes the need of 
complicated equalization techniques even in a severe 
multipath fading environment. Further, it uses a 
multipath nature to achieve a diversity gain. Therefore, 
RS/TCM with OFDM will be a very good scheme for 
WATM transmission. 
V. CONCLUSIONS 
In this paper the performance of concatenated coding 
schemes with orthogonal frequency division 
multiplexing has been investigated in multipath fading 
channels. Signal to noise ratio to be maintaiaed to 
achieve an average-bit error rate of lo5 was obtained. 
This particular BER was selected, as ATM needs high 
quality transmission links, in which BER performance 
better than lo5 can be achieved. A 512-carrier OFDM 
system with a guard interval longer than the maximum 
delay spread of the channel is used. The concatenated 
scheme investigated here does not produce an error 
floor in fading channels. RSRCM concatenated scheme 
has a coding gain of 6 dB at lo-’ BER when compared 
with 8-states, 8-PSK TCM scheme alone Therefore, it 
can be concluded that investigated concatenated scheme 
will be a potential candidate for the future broad-band 
WATM networks. The performance of the 
concatenated scheme was also compared with the 
pexformauce of RSKC and RS/TCM( 1 Qstates) 
schemes. Both these concatenated schemes show 
almost identical performances but having a slight 
improvement when compared with the RSRCM (8- 
states) scheme. The performance is expected to 
improve with the use of a suitable ARQ scheme. 
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